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Cobalt substituted manganese nanocrystalline spinel ferrites hav-
ing general formula CoxMn1xFe2O4 (x = 0, 0.2, 0.4, 0.6, 0.8 and
1.0) was successfully synthesized using hydrothermal method.
The structure, magnetic and dielectric properties of as-synthesized
samples was characterized through different techniques such as
XRD, FESEM, EDX, FTIR, PPMS and Dielectric spectroscopy. X-ray
diffraction (XRD) studies showed that the samples have pure cubic
spinel phase. The lattice parameter enhances with Co substitution.
The SEM images of CoxMn1xFe2O4 ferrite show that the grain size
decreases with an increase in the Co content and the average
nanocrystalline sizes were found to be less than 100 nm. Composi-
tional stoichiometry was conﬁrmed by energy dispersive analysis
of the X-ray (EDAX) technique. The FTIR spectra reveled two
prominent frequency bands in the wave number range 400–
600 cm1 which conﬁrm the cubic spinel structure and completion
of chemical reaction. As the cobalt concentration increases, the
magnetization of the octahedral sites and hence the net magnetiza-
tion decreases. It is also observed that the saturation magnetiza-
tion (Ms), decrease while coercivity (Hc) increase with increase in
cobalt substitution. Frequency dependence of dielectric constant
shows dielectric dispersion due to the Maxwell–Wagner type of545.
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that the conduction is due to small polaron hopping.
 2015 The Authors. Published by Elsevier Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecom-
mons.org/licenses/by-nc-nd/4.0/).1. Introduction
Ferrites, especially spinel ferrites, in the nanoscale tenet show fascinating and unusual properties
compared to their bulk counterparts. Recently, nanoscale spinel ferrites have been broadly developed
for both fundamental scientiﬁc interest, and technological applications. Spinel ferrites with a general
formula of AB2O4, where A2+ and B3+ ions can occupy either tetrahedral (A-) or octahedral (B-) sites
and oxygen has an fcc close packing arrangement. Most of the spinel ferrites properties depend on
the cation distribution in the tetrahedral and octahedral sites in the spinel structure. Among various
kinds of spinel ferrites, manganese ferrite (MnFe2O4) nanoparticles are very important because they
have proven to be useful in many magnetic applications, such as recording media devices, drug deliv-
ery, ferroﬂuid, biosensors, and contrast enhancement agents for MRI technology [1–5]. These require-
ments can be carried out by varying the size and morphology of the nanoparticles or by adding the
concentrations of cobalt in manganese ferrites.
Several methods such as, hydrothermal [6], co-precipitation [7], electrospinning method [8],
sol–gel auto combustion [9] and conventional ceramic techniques [10] are usually employed for the
preparation of mixed spinel ferrites. It has been reported that the properties of ferrites can be strongly
modiﬁed by the substitution or doping of a foreign ion [11]. Several cations have been used as
substituent by many researchers, in order to improve the electrical and magnetic properties of spinel
ferrites [12–14]. However, the detailed study on the structural, optical, magnetic and catalytic prop-
erties of Co2+ doped MnFe2O4 nanoparticles has not yet been reported so far. The low temperature
hydrothermal method is selected in the present work for preparing Co–Mn mixed ferrites and the
results of structural, magnetic and dielectric investigations are presented, analyzed and discussed
with a perspective on their utility in devices.2. Experimental details
2.1. Sample preparation of Co–Mn nanoparticles and experimental details
Analytical grade iron nitrate (Fe(NO3)39H2O), manganese nitrate (Mn(NO3)26H2O) and cobalt
nitrate (Co(NO3)26H2O), were used as raw materials to prepare CoxMn1xFe2O4 (x = 0.0, 0.2, 0.4, 0.6,
0.8 and 1.0) nanoparticles by the low temperature hydrothermal process. The stoichiometric mixtures
of above materials were dissolved in 50 ml of deionized water. The solution was thoroughly mixed for
15 min on a magnetic stirrer. Then pH value of the mixture was adjusted to be less than 12 by adding a
few drops of ammonia solution under vigorous stirring, then the iron, manganese and cobalt hydrox-
ides were precipitated. This precipitate was transferred into a Teﬂon stainless-steal autoclave and
heated for 180 C for 24 h in an oven. The prepared materials was ﬁltered and washed with distilled
water several times, and dried in air at 60 C for 8 h.
The crystal structures of the resulting products were determined by a Bruker AXS D8 diffractometer
using Cu Ka radiation. The morphologies and sizes of the resulting products were characterized by a ﬁeld
emission scanning electron microscopy (FE-SEM, Hitachi S-4800, Japan) with an energy dispersive X-ray
analysis (EDX) to fulﬁll element microanalysis. Fourier-transform infrared (FTIR) spectra were recorded on
a Bruker Tensor 27 spectrophotometer using KBr pellets. Magnetic hysteresis loops were obtained at room
temperature using a physical properties measurement system (PPMS) with a maximum applied ﬁeld of
20 kOe. The dielectric constant (e0), loss tangent (tand), and impedance were measured at room tem-
perature in the frequency range 100 Hz to 1MHz using LCR meter Bridge (model HP4284A).
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3.1. X-ray diffraction analysis
The XRD patterns of the as-synthesized CoxMn1xFe2O4 (x = 0, 0.2, 0.4, 0.6, 0.8 and 1) nanoparticles
are shown in Fig. 1. Here, All peak positions at (220), (311), (222), (400), (422), (511) and (440) are
consistent with the standard X-ray data for the pure MnFe2O4 (JCPDS No. 74-2403) and CoFe2O4
(JCPDS No. 22-1086). No other impurity phases are detected in all the samples. The average crystallite
size gets reduced from 25 nm to 16 nm as the concentration of Co increased from 0 to 1 as shown in
Fig. 2. The lattice constant ‘‘a’’ increased from 8.334 to 8.477 ÅA
0
by Co2+ substitution. This can be
explained by the fact that the ionic radius (0.074 nm) of Co2+ ions is higher than that (0.066 nm) of
Mn2+ ions [15]. Koseoglu et al. [16] reported that the lattice parameter decreases with increasing
the doping concentration of Mn2+ with smaller ionic radius in CoFe2O4 nanoparticles.
3.2. FTIR analysis
Fig. 3 shows the typical IR spectra of the CoxMn1xFe2O4 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) nanoparticles in
the range of 400–4000 cm1. The absorption band (t1) around 600 cm1 is attributed to stretching
vibrations of tetrahedral complexes and band (t2) around 400 cm1 to that of octahedral complexes
[17,18]. It is observed that by increasing the cobalt content, the frequency t1 is shifted to a lower val-
ue, while the position of t2 slightly changed and the values of t1 and t2 can be seen in Table 1. The
observed bands (for Co0.4Mn0.6Fe2O4 sample) at 3430 and 1630 cm1 are attributed to the stretching
and bending modes of H–O–H to interpreted as an evidence for presence free (or absorbed) water. This
observation suggests for the vestiges [19,20] of hydroxyl (–OH) groups which are retained during
preparation in hydrothermal route.
Using the Waldron [21] analysis the high frequency band t1 corresponds to the intrinsic lattice
vibration of the tetrahedral group complexes Fe3+–O2 and t2 corresponds to the octahedral group
complexes Fe3+–O2 [22]. The difference in frequency between the characteristic vibrations t1 and
t2 may be attributed to the changes in bond length of oxygen O2 and metal ions Fe3+ at octahedral
and tetrahedral sites. All characteristic peaks in FTIR spectrum were analyzed and conﬁrmed the for-
mation of ferrite phase.
3.3. Microstructural characterization
Surface morphological properties of the cobalt–manganese ferrite samples were studied by
using scanning electron microscopy (SEM). Fig. 4 shows the SEM micrographs of the synthesized20 30 40 50 60 70
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Fig. 1. X-ray diffraction patterns for CoxMn1xFe2O4 ferrite system.
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Fig. 3a. FTIR spectra of CoxMn1xFe2O4 nanoparticles.
236 M. Penchal Reddy et al. / Superlattices and Microstructures 81 (2015) 233–242pure and various concentrations of cobalt doped manganese ferrite nanoparticles. SEM images con-
ﬁrmed that the samples consist of spherical shaped Np’s with the existence of soft clusters. In addi-
tion, their particle sizes are less than 100 nm. The larger particle sizes of the nanoparticles, as
compared to the average sizes obtained from the XRD pattern, can be attributed to the existence
of agglomeration caused by the effect of the relatively stronger interaction among magnetic parti-
cles, such as van der Waals forces and magnetic dipolar interaction [16]. Principally, note that the
particle sizes in Co doping Mn ferrites obtained from SEM are much smaller than those in pure Co
and Mn ferrites.
3.4. Compositional analysis
Fig. 4 represents the compositional stoichiometry of pure cobalt and manganese ferrite nanoparti-
cles conﬁrmed by energy dispersive analysis of X-ray (EDX). Quantiﬁcation of the EDX spectrum
showed that the ratio of Co2+, Mn2+, Fe3+ and O2, suggesting that the NP’s had a chemical formula
of MnFe2O4 and CoFe2O4, respectively.
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Fig. 3b. FTIR spectrum of Co0.4Mn0.6Fe2O4 ferrite recorded at room temperature.
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Magnetic hysteresis loops of the nanocrystalline CoxMn1xFe2O4 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) ferrites
were recorded at room temperature as shown in Fig. 5. All samples show hysteresis, and their mag-
netization nearly reaches saturation at the external ﬁeld ±20 kOe. It is observed from Figs. 5 and 6 that
the saturation magnetization decreased with an increase in Co2+ substitution. This can be ascribed to
the smaller magnetic moment of Co+2 (3 lB) and Mn+2 (5 lB) than the Fe+3 (5 lB) at the octahedral
site [23], and decrease in cation distribution of Mn+2 and Fe+3 at the octahedral site with cobalt sub-
stitution in normal case as reported in literature [16]. The decrease in magnetization is explained by
the A–B interaction. In the present case, the magnetic moment in ferrite is mainly due to the uncom-
pensated electron spin of the individual ions and the spin alignments in the two sublattices, which are
arranged in an antiparallel fashion. In a spinel ferrite, each ion at the A site has 12 B-site ions as near-
est neighbors. According to Neel’s molecular ﬁeld model [24], the A–B super-exchange interaction pre-
dominates the intrasublattice A–A and B–B interactions.
3.6. Frequency variation of dielectric constant (e0)
The variation of the dielectric constant as a function of frequency for CoxMn1xFe2O4 ferrites is
shown in Fig. 7. Figure showed that the value of dielectric constant decreased with the increase in fre-
quency and attained almost constant value at higher frequencies [25]. This dispersion behavior is due
to the Maxwell–Wagner [26] type interfacial polarization in accordance with Koop’s phenomeno-
logical theory [27]. According to Maxwell–Wagner model, the dielectric model of ferrites is assumedTable 1
Composition dependence of structural and functional properties of CoxMn1xFe2O4 nanoferrite samples.
Composition x = 0.0 x = 0.2 x = 0.4 x = 0.6 x = 0.8 x = 1.0
Crystallite size (nm) 25.41 23.15 21.64 18.56 17.47 16.30
Lattice parameter (ÅA
0
) 8.334 8.359 8.384 8.424 8.450 8.477
m1 (cm1) 553 561 568 574 578 584
m2 (cm1) 450 453 457 448 434 421
Ms (emu/g) 67.32 65.12 63.17 60.81 59.72 58.32
Hc (Oe) 173 210 350 510 705 1029
Resistivity (O cm) 5.61  109 8.32  108 6.21  108 5.34  108 3.67  108 4.37  109
e0 at 1 MHz 18.8 16.6 10.12 6.15 11.90 10.73
tand at 1 MHz 8.05 2.14 0.057 0.036 0.0086 0.006
X=0.0 X=0.2
X=0.4 X=0.6
X=0.8                     X=1.0
CoFe2O4MnFe2O4
Fig. 4. SEM photographs of CoxMn1xFe2O4 ferrite system and EDX spectra of Co and MnFe2O4.
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Fig. 5. Magnetic hysteresis loops of CoxMn1xFe2O4 nanoparticles at room temperature.
M. Penchal Reddy et al. / Superlattices and Microstructures 81 (2015) 233–242 239to be made up of two layers: the ﬁrst layer is being a well conducting layer that consists of large ferrite
grains and the other is being the poorly conducting grain boundaries. The conducting grains are found
to be more effective at higher frequencies while poor conducting grain boundaries are more effective
at low frequencies as found in different ferrites [10,28–31]. Usually the variation of dielectric constant
with frequency in ferrites is mainly attributed to variation of Fe2+ and Fe3+ ion concentration [32,33].
Thus, polarization and dielectric constant are expected to vary accordingly with the concentration of
Fe2+ and Fe3+ ions. At lower frequencies, the polarization is mainly attributed to electronic exchange
between Fe2+M Fe3+ ions on the octahedral site in the ferrite lattice. At the higher frequency, the
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decreases as shown in Fig. 7.
Fig. 8 shows the variation of loss tangent (tand) with frequency at room temperature for CoxMn1-
xFe2O4 samples. It has been observed that for all sample’s the loss tangent decreased initially with
increasing frequency. This ﬁgure shows that tand decreases with increasing frequency with shoulder
behavior for some samples which may be due to the resonance between the hopping frequency of
charge carriers and applied frequency. For other samples the shoulder behavior was not observed
due to their resonance frequency lies beyond the measurement frequency range [34]. In the case of
Co doped ferrites, the values of tand was found to be in the order of 102 only. The lower loss strongly
suggests for the utility of Co doped Mn ferrites as better candidates for microwave absorber
applications.
In order to understand the conduction mechanism, the frequency dependence of AC conductivity is
shown in Fig. 9, in which conductivity shows an increasing trend with frequency for all samples. The
frequency dependent AC conductivity can be explained on the basis of Maxwell–Wagner two lattice
model as elaborated below [26,29]. At lower frequency, the grain boundaries are more active, hence
the hopping frequency of electrons between Fe3+ and Fe2+ ions is less. At higher frequencies, the con-
ductive grains became more active by promoting the hopping of electrons between Fe3+ and Fe2+ ions
therefore increasing the hopping frequency. So we observe the increase in conductivity with an
increase in frequency is in a good agreement with the published works by others [10,30,31].4. Conclusions
This is the ﬁrst-ever report in which Co-doped manganese ferrite nanoparticles synthesized using
the low temperature hydrothermal synthesis technique. X-ray diffraction conﬁrms the formation of
single-phase crystalline structure and crystallite size in the range 16–25 nm. It is observed that the
lattice parameter increases with the Co2+ doping. FTIR spectra of the spectrum exhibited two main
absorption bands, thereby conﬁrming the spinel structure. Magnetic measurements have shown that
the CoxMn1xFe2O4 nanoparticles have ferromagnetic behavior (except x = 0.0) where the MnFe2O4 has
super paramagnetic behavior at room temperature. The saturation magnetization decreases with
cobalt substitution. Behavior of saturation magnetization is explained on the basis of Neel’s model.
The dielectric constant (e0) decreases with an increase in frequency showing dielectric dispersion at
lower frequency region. The loss tangent (tand) graph shows the shoulder behavior due to the pres-
ence of resonance frequency. The AC conductivity of all the samples increases with increasing frequen-
cy. The low value of dielectric constant and smaller dielectric loss is potentially being used as
242 M. Penchal Reddy et al. / Superlattices and Microstructures 81 (2015) 233–242microwave absorbers in high frequency applications. The optimized magnetic parameters suggest the
possible use of these nanomaterials in high density recording media.
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